Recent studies in our laboratory on the cuticular chemicals of green tobacco leaf have revealed the presence of wax esters, composed of fatty acids bound to fatty alcohols. Cuticular components of young green NC 2326 tobacco leaves were removed with methylene chloride, and partitioned between hexane and SOo/o Me0H-H 2 0. The hexane-soluble fraction, which contained wax esters, para.ffinic hydrocarbons, and fatty alcohols, was separated by silicic acid column chromatography, and the resulting wax ester fraction was further purified by lipophilic gel chromatography. Initial analyses of the wax ester fraction by capillary gas chromatography [GC] and capillary GC I MS, on a shon fused silica [FS] SE-54 capillary column, indicated the presence of C 30 -C 52 wax esters. Application of the cold on-column injection technique and use of immobilized stationary phase, FS SE-54 capillary columns greatly improved the GC separation of the complex wax ester fraction and permitted the identification of individual wax ester isomers. Identification of wax ester isomers by GC/MS relied upon the presence of a molecular ion and ions characteristic of the acid and alcohol moieties. For the acid portion, these ions included the acid ·MW+ 1 a.m.u. and MW-17 a.m.u. ions, while for the alcohol, they were the alcohol MW-18 a.m.u. and * Presented, in pan, a' the 38dl Tobllo;o Chemisu' Research Conference, Adanta, G<:orgia, 1984. Received: t2d!January 1987-..:«pud: 2Sdl November 19&7.
MW+ 27 a.m.u. ions. Saponification of the wax ester fraction and subsequent analyses of the alcohols (as trimethylsilyl ethers) and acids (as methyl esters) revealed extensive iso-and anteiso-methyl branching of the acid moieties. The wax ester isomers with iso-and anteisomethyl-branched acid moieties were separated from each other and from the normal straight-chain isomers by capillary GC and were identified by GC/MS, based upon characteristic ions resulting from the losses of the iso-branched (MW-43 a.m.u.) and anteiso-branched (MW-57 a.m.u.) groups from the molecular ion and from the acid moiety. One hundred and seventy individual wax esters were identified. ) reported the elucidation of the alcohol and acid moieties of this aliphatic long-chain ester fraction from the cigarette smoke of Turkish, Burley, and a cased -commercial blend of tobaccos, and also from hexane extracts of Turkish, Burley and flue-cured tobaccos. They found that the alcohol moieties consisted of 16 normal straight-chain alcohols, with chain lengths ranging from C 12 to C 27 and with 1-docosanol (C 22 -0H) as the major isomer. The acids consisted of C 14 to C 28 normal straight-chain acids and oleic, linolenic and several unknown acids, with Ca (n-hexadecanoic) being the major acid.
In recent years, SEVERSON et al. have extensively investigated the cuticular chemicals from green tobacco leaf of different tobacco types (-4-6). The major cuticular components from green tobacco leaf were: (a) C 2 s-C 36 normal and branched-chain aliphatic hydrocarbons, (b) diterpenes and (c) sucrose esters. During these studies, a series of high molecular weight wax esters were found to occur as minor components in the cuticulae waxes of green tobacco leaves (4, 6) . Due to their high molecular weights, relatively low levels, poor detector responses, and complexity, the wax esters could not be analyzed under the same GC conditions used for analyses of the major cuticular components. However, applications of recent advances in analytical capillary GC methodology, such as cold on-column injection (7) and use of immobilized stationary phase fused silica [FS) SE-54 capillary columns (8} 0 Flgure3.
Initial gas chromatogram of the wax eater fraction from green NC 2326 tobacco leaf. The numbers in brackets indicate the acid and alcohol residues, respectively, of the predominate wax esters.
Conditions: FS SE-54 column, 3.5 m x 0.3 mm inside diameter; temperature program, 2Q0-300 ·c at 2"/min; column flow, 100 cm/s H 2 ; split injection; flame ionization detector (FID). greatly improved the analysis of these compounds. The isolation of the wax esters and the separation and identification of individual isomers by capillary GC I MS are the subjects of thls report. The relationship of the cuticulae wax esters to hostplant resistance, growth regulation and tobacco quality is not well understood. However, it has been demon·strated that Tobacco Introduction (TIJ 1406 (Virgin A mutant), whose cuticular chemicals contain normal to high levels of wax esters and fatty alcohol but only trace levels of duvanes, sucrose esters and labdanes, shows resistance to potato virus Y [PVY] (9, 10). Developed lines with PVY resistance have compositions of surface chemicals similar to that of the parent TI 1406 (6) .
EXPERIMENTAL

Materials
The tobacco used in this work was grown under fluecured cultural conditions at the University of Georgia Coastal Plain Experiment Station, Tifton, Ga. Solvents (hexane, methanol, methylene chloride, benzene, and isooctane) were distilled-in-glass grade (Burdick and Jackson, Richmond, Calif.) * and were used as received. The FS capillary columns used in this work were prepared in our laboratory (8) .
Synthesis of Wax Ester Standa~ds
Standard wax esters (C 28 -C 42 ) were prepared by esterification of the selected carboxylic acid with the desired' alcohol. Approximately 3.5 millimoles of the alcohol and 5 millimoles of the carboxylic acid were dissolved in 15 ml of toluene and transferred to a 25 ml round bottom flask. Approximately 4 drops of coned. H 1 S0 4 were added and the round bottom flask was connected to a Dean-Stark receiving trap (filled with toluene) and a condenser. Boiling beads were added and the mixture was heated for 4 h, during which time water was observed to form in the Dean-Stark trap and the condenser. The residue was dissolved in 300 ml of ether and transferred to a 500 ml separatory funnel where it was extracted (2 X 200 ml) with saturated NaCI solution. The organic phase was dried over Na~0 4 , evaporated to dryness on a rotary evaporator, and transferred with hexane to a 100 g basic alumina column (prepared in hexane). The wax ester was eluted from the column with 1500 ml of diethyl ether in two fractions: 1000 ml and 500 m!, respectively. These fractions were evaporated to dryness on a rotary evaporator and the wax esters were recrystallized from hot ether or from pentane. Their melting points were determined and their purity and relative retention times were determined by capillary GC.
Isolation of the Wax Ester Fraction
Solflent Partitioning: The cuticular components of green NC 2326 tobacco were removed by dipping the young leaves into methylene chloride, as described previously (4). After removal of the solvent on a rotary evaporator, approximately 3 g of the whole leaf wash, representing the cuticular components from 50 to 100 plants, were partitioned between hexane and 80% methanol-H 2 0 (Fig. 1) to yield approximately 1.0 g of a hexane-s"9luble fraction containing hydrocarbons, fatty alcohols and wax esters.
Column Chromatography: Approximately 1 g of the hydrocarbon, fatty alcohol, wax ester isolate was subjected to silicic acid column chromatography (Fig. 2) . The wax ester fraction (about 100 mg) was eluted with 5% methylene chloride in hexane. The wax esters represented about half of the material by weight. This fraction was further purified by gel chromatography on Sephadex LH-20 in chloroform to yield about 56 mg of the wax ester isolate (Fig. 2) .
Saponification of the Wax Ester Isolate:
A portion of the wax ester isolate (10-20 mg) was heated with 5 ml of 2 N KOH, at 90 •c for 2 h. After cooling, 10 ml of a 1:1 mixture of benzene: 85% ethanol were added, The solution was then extracted with hexane (3 X -10 ml) to yield a hexane-soluble fraction, containing the fatty alcohols, and an ethanol:water soluble fraction, containing the potassium salts of the fatty acids. The fatty alcohols were then converted to their trimethylsilyl (TMS] ethers with 1:1 BSTFA/DMF* and were analyzed by capillary GC and capillary GC I MS. The free fatty acids were extracted into methylene chloride, after adjusting the ethanol:water solution to pH 2 with cold concentrated HCl, adding 5-10 m1 of saturated KCl, and extracting with methylene chloride (3 X 10 m1). The free acids were converted to fatty acid methyl esters (FAME] by heating in BF 3 :methanol, followed by extraction of the FAME into hexane. The FAME were also analyzed by capillary GC and GC/ MS.
Capillary Gas Chromatography:
The initial separation. of the wax ester isolate (Fig. 3 ) was made on a short' (3.5 m X 0.25 mm inside diameter) FS SE-54 capillary column in the split injection mode. Mass spectral data from. the GC/MS analysis of the isolate indicated the
• N, 0-Bis{trimethylsilyl)trifllloroa=amide/dimethylform..mide. presence of C 30 -C 52 wax esters and also showed that the wax ester isolate was composed of many different isomers. The separation and the identification of the individual wax esters were hampered by their relatively low volatilities. To achieve better GC separation, cold on-column injection capillary GC (7) with an immobilized stationary phase FS SE-54 capillary column was used (8) . The complexity of the fraction and the relatively low concentration of the C 44 -C 52 wax esters further required the division of the analysis into two parts. The first GC separation required conditions for the analysis of the concentrated portion of the wax esters (C 30 -C 44 ) (Fig. 4) , while the second separation required conditions for the analysis of the less abundant higher molecular weight isomers (C 44 -C 52 ) (Figure 5 ).
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Capillary Gas Chromatography I Mass Spectrometry: Capillary GC I MS analyses of the wax ester isolate and of the fatty alcohols (TMS) and the fatty acids (FAME) from the hydrolysis of the wax ester isolate were performed on a Hewlett-Packard 5985B GC/MS system. The FS capillary columns were connected to the MS source with an open-split interface (11 ). The MS conditions for these analyses were as follows: GC/MS interface zone temperature, 300 "C; ion source temperature, 200 "C; electron energy, 70 eV; scan range, 40-650 a.m.u. for concentrated wax ester analyses (Fig. 4) , 200-800 a.m.u. for low-level wax ester analyses (Figure 5) ; scan rate, 266.7 a.m.u./ s for concentrated wax ester analyses (Fig. 4) , 400 a.m.u./ s for low-level wax ester analyses (Fig. 5) ; electron multiplier voltage, 2200 V for concentrated wax ester analysis (Fig. 4) , 2800 V for low-level wax ester analyses (Fig. 5) .
RESULTS AND DISCUSSION
Chromatograms of the capillary GC separations of the fatty acids (FAME) and fatty alcohols (TMS) from the saponification of the wax ester isolate are shown in Figures 6 and 7 , respectively. The capillary GC I MS data for the fatty acids (FAME) showed the presence of cl2 -c32 acids with extensive iso-and anteiso-methyl branching (about 25%), especially in the odd carbon number isomers. The major fatty acid isomer from the saponification of the wax ester isolate was n-tetradecanoic acid. RonGMAN et al. (3) reported that the major acid found in their ester fraction from cured tobacco leaf and tobacco smoke was n-hexadecanoic (C 16 ). This apparent difference in the predominant acid found in their ester fraction (C 16 ) and that found in our cuticular wax ester fraction (C 14 ) can be easily explained by the predominance of the C 16 and C 18 unsaturated isomers in the esters associated with the interior of the tobacco leaf. Capillary GC I MS analyses of the fatty alcohols revealed a predominantly straight-chain series (C 16 -c34) with 1-docosanol being the most abundant aliphatic alcohol.
In a previous work (6), the relative distributions of the free alcohols from the cuticular chemicals of NC 2326 tobacco were determined and are compared to those of the bound alcohols and acids in the wax esters ( Table 1 ). It appears that the relative distributions of the free and bound fatty alcohols are identical for all practical purposes. These data, combined with the lack of free acids on the leaf surface, indicate that the fatty alcohols are produced in abundance and exist on the leaf in both the bound (wax esters) and free states, while the fatty acids exist only in the bound (wax esters) form. •• Analyzed as trlmethylsllyl derivatives on SE-54 column.
••• 1: !so-branched, a: antelso-branched, n: normal straight chain.
+ Analyzed as methyl esters on Sllar 10C column.
++ After hydrolysis of the wax ester isolate.
+++ Absent or below detection limits. Diagnostic ions for the wax ester isomers generally result from cleavages at or near the ester linkage and are related to the alcohol and acid moieties. The more important fragmentations resulting from electron bombardment of a wax ester molecule are shown in Fig. S  (12) . Two mechanisms (Figures SA and SB) are given for ions resulting from the elimination of a molecule of acid to give rise to ionic species of the same mass. The first mechanism (Fig. SA) is equivalent to the elimination of a neutral molecule of water from a normal straight-chain alcohol in which the carbonyl group is not directly involved in the fragmentation sequence. In the second mechanism (Fig. SB) , the carbonyl is involved in the fragmentation. The extent to which each of these mechanisms contributes to the formation of the ionic species is unknown. However, the resulting ion is diagnostically useful and is equal to the molecular weight of the alcohol-1S a.m.u. This ion is low in intensity but is usually present in the mass spectra Qf ~ax 
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to the acid mass minus a hydroxyl group (acid -17). For all practical purposes, the remaining alcohol fragment does not appear in spectra of the wax esters. An ion can also result from the transfer of two hydrogens to the acid moiety and subsequent elimination of the remainder of the alkyl portions of the alcohol moiety to give rise to a protonated acid ion (Fig. SE) . This ionic species, occurring at a mass equal to the acid + 1 a.m.u., is very intense and is often the base peak in . mass spectra of wax esters. The acid + 1 ion and the molecular ion are the two most important diagnostic ionic species in the mass spectra of wax esters, as the mass of the wax ester and the acid moiety are obtained directly and the mass of the alcohol moiety is then easily deduced. In summary, the diagnostic ions for wax esters are: molecular ion; acid + 1 a.m.u.; acid -17 a.m.u.; alcohol -1S a.m.u.; and the alcohol + 27 a.m.u. Mass spectrum of the C 34 wax ester (n-elcosyl n-tetradecanoate). The mass spectrum of a typical straight-chain wax ester is shown in Fig. 9 . Eicosyl tetradecanoate (C:w wax ester) has a mass of 508 a.m.u. and is composed of a C 20 alcohol and a C 14 acid. The base peak is the acid + 1 ion at m/z 229, the acid -17 ion occurs at mlz 211, the alcohol + 27 ion occurs at mlz 325, and the alcohol -18 ion is at mlz 280. Other ions of interest occur in the spectrum at M-43 (mlz 465), acid-43 (mlz 185) and acid -57 (mlz 171) resulting from the losses of C 3 H 7 and C 4 H 9 fragments from the molecular ion and the acid moiety ion, respectively. Similarly, Fig. lOA shows that the mass spectra of the iso-C 35 wax esters were composed primarily of the eicosyl isopentadecanoate isomer. The diagnostic ions occur in the spectra as follows: acid + 1 at mlz 243, acid -17 at m/z 225, alcohol-18 at m/z 280, alcohol+ 27 at m/z 325, and the· molecular ion at m/z 522. Note the presence of the M-43 ions from both the molecular ion at mlz 479 and from the acid moiety at mlz 199, corresponding to the loss of the C 3 H 7 iso-branched group from the acid moiety. Fig. lOB shows the spectra of the anteiso-C 35 wax esters, composed primarily of the eicosyl anteisopentadecanoate isomer. Comparison of Figures lOA and lOB shows that the spectra are essentially identical, except for the ions resulting from th~ losses of the anteiso-branched group C 4 H 9 + from the wax ester at m/ z 465 (M-57) and from the acid moiety at m/z 185 (acid -57) in the anteiso-branched isomer spectra (Fig. lOB) . The mass spectrum of the normal straightchain C 35 wax ester was similar to that of the C 34 isomer (Fig. 9 ). All the diagnostic ions were present in the spectra of the major wax esters, but the weaker ions were sometimes missing in spectra of the less concentrated isomers. However, the most important diagnostic ions, which are the molecular ion and the acid + 1 ion, were always present. The capillary GC I MS total ion current chromatogram of the C 30 -C 44 wax esters is given in Fig. 11 . Note the designations for the iso-chain [i], anteiso-chain [a], and normal-chain [n] wax ester isomers and their elution order from the SE-54 capillary column. The elution order of iso-, anteiso-, and normal-chain esters is consistent with the elution order of aliphatic hydrocarbons with similar chain branching, also found in the cuticular waxes of tobacco leaf (4, 13) . The data are more clearly depicted in selected single ion profiles of the molecular ions of the wax esters (Fig. 12) . The data indicate the presence of extensively branched odd carbon number esters, compared to the relatively non-branched even carbon number isomers. Identification of the individual wax esters was based upon the diagnostic ions discussed above, the fragmentation pattern resulting from branching of the acid moieties, and the elution order from the SE-54 capillary column of isomers within a carbon number series. The elution orders and MS fragmentation patterns of the normal straight-chain cuticular wax esters were identical with those of the· synthetic wax ester standards discussed above. In most instances, a single capillary GC peak contained several isomers of wax esters resuiting from various combinations of alcohol and acid moieties. As an example, Fig. 13 shows the mass spectra of the normal-chain C 52 wax esters, which were shown to consist of five isomers, with the most abundant being the C 22 alcohol-C 30 acid ester. A list of the wax ester isomers of NC 2326 tobacco leaf identified by cold on-column injection capillary GC I MS is given in Table 2 . The number of isomers generally increased with increased carbon number, as a result of an increase in possible alcohol-acid combinations in the C 34 -C 40 carbon number wax ester range. For instance, the C 34 wax esters consisted of only three isomers, with eicosyl tetradecanoate {C 20 alcohol-C 14 acid) accounting for most of the weight of the C 34 wax esters. On the other hand, there were 15 isomers of the C 39 wax esters. The most abundant single wax ester isomer found in the isolate from NC 2326 was docosyl tetradecanoate, as one would have suspected; docosanol {C 22 ) and tetradecanoic acid {C 14 ) were the most abundant alcohol and acid found upon hydrolysis of the wax esters. n-Heptadecyl i-tetradecanoate n-C, 6 -i-C 1 s n-Hexadecyl i-pentadecanoate n-C 1 7 -a-c,4 n-Heptadecyl a-tetradecanoate n-C 16 -a-C,s n-Hexadecyl a-pentadecanoate n-C 17 -n-C 14 n-Heptadecyl n-tetradecanoate n-C 1 e -n-C,s n-Hexadecyl n-pentadecanoate C32 n-C 18 -i-C 14 n-Octadecyl i-tetradecanoate n-C 18 -n-C 14 n-Octadecyl n-tetradecanoate n-C 18 -n-C 18 n-Hexadecyl n-hexadecanoate n-C2o-n-c,2 n-Eicosyl n-dodecanoate C33 n-C 20 -I-C 13 n-Eicosyl i-tridecanoate n-C 19 -i-C 14 n-Nonadecyl 1-tetradecanoate n-C 18 -i-C 15 n-Octadecyl i-pentadecanoate n-C 17 -i-C 18 n-Heptadecyl 1-hexadecanoate n-C 20 -a-C 13 n-Eicosyl a~tridecanoate n-C 19 -a-c,4
n-No.nadecyl a-tetradecanoate n-C 18 -a-C 15 n-Octadecyl a-pentadecanoate . n-C 17 -a-C 18 n-Heptadecyl a-hexadecanoate n-C 19 -n-C 14 n-Nonadecyl n-tetradecanoate n-C 18 ...,. n-C 15 n-Octadecyl n-pentadecanoate n-C 20 -n-C 13 n-Eicosyl n-tridecanoate n-C 17 -n-C 18 n-Heptadecyl n-hexadecanoate
• 1: !so-branched, a: anteiso-branched, n: normal straight chain.
Table2. Wax esters identified from NC 2326 tobacco (cont'd.). ~ n·C21 -a-C24 n-C 28 -a-C 17 n-C 28 -a-C 19 n-C 22 -a-C 23 n-C2o -a-C2s n-C 27 -n-C 18 n-C 25 -n-C 20 n·C23 -n-C22 n-C22 -n·C23 n-C 21 -n-C 24 n-C 20 -n-C2 5
n-C2s -a-C1s n-C 22 -a-C 24 n-C 30 -n-C 18 n-C2a-n-C1s n-C2e -n-C2o n-C 24 -n-C 22 n-C22 -n-C24 n-C 20 -n-C 26 n-C 18 -n-C 28 n-C 22 -a-C 25 n-C21 -a-C2s n-C29-n-C1s n-C27 -n-C2o n-C 24 -n-C 23 n-C22 -n-C2s n·C21 -n-C2e n-C 20 -n-C 27 n-C2o -n-C2s n-C 22 -n-C 28 n-C 24 -n-C 24 n-C2e -n·C22 n-C 28 -n-C 20 n-C 30 -n-C 16 n-C 32 -n-C1s
n-C22 -a-c27 n-C21 -a-C2a n-C 20 -n-C 29 n-C 21 -n-C 28 , n-C 22 -n-C 27 n-C23 -n-C2s n-C2e -·n-C23 n-C 27 -n-C 22 n-C 28 -n-C 21 n-C 20 -n-C 30 n-C 22 -n-C 28 n-C 26 -n-C 24
Compound name n-Heneicosyl a-tetracosanoate n-Octacosyl a-heptadecanoate n-Hexacosyla-nonadecanoate n-Docosyl a-tricosanoate n-Eicosyl a-pentacosanoate n-Heptacosyl n-octadecanoate n-Pentacosyl n-eicosanoate n-Tricosyl n-docosanoate n-Docosyl n-tricosanoate n-Heneicosyl n-tetracosanoate n-Eicosyl n-pentacosanoate n-Octacosyl a-octadecanoate n-Docosyl a-tetracosanoate
